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By Paul A. Hunter and Harold I. Johnson
SUMMARY

A flight investigation has been made. of the practical problems
asgociated with the use of porous-leading-edge suction. The wing
leading edge of the test airplane was porous over approximately 83 per-
cent of the span and the first 8 percent of the chord on the upper
surface. Various other extents of suction area within these limits were
also tested.

Results of this investigation have indlicated that a wing equipped
with porous-leading-edge suction can be constructed which has sufficient
strength and durability for use in flight without adding excessive weight.
For the type of porous material used in this investigation, clogging due
to atmospheric dust dld not appear to be a problem. For the light rain
encountered in flight, the power required to produce a given flow coef-
ficlent was about 50 percent more than that required for the dry condi-
tion. Based on the ground data, it was estimated that for flight in
heavy rain the power would be approximately twice that for the dry condi-
tion. At maximm blower speed the porous area became cleared within
3 to 4 minutes after water ceased to impinge on the surface. Under
certain conditions, tests showed a severe vibration of the porous mate-
rial induced by an "orgen pipe" resonance of the air column within the
ducts. As expected from wind-tunnel results obtained previous to this
investigation, the use of leading-edge suction with the small amount of
power available had little effect on the maximum 1ift coefficient devel-
oped with the airfoil section used in this wing (NACA 2412). In general,
an appreciable drop occurred in maximum 1ift coefficient from the leading-
edge-sealed configuration to the condition of zero suction with the porous-
area configurations tested. Increments in 1lift coefficient due to the
suction available generally brought the meximum 1ift coefficient back
approximately to the value for the wing with the leading edge sealed.

The maximum theoretical aerodynamic power, if duct losses are excluded,
varied with the configurations tested from 3.65 to 9.70 horsepower.
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INTRODUCTION

The use of porous surfaces for boundary-layer control has for a
period of approximately 30 years been the subject of many theoretical
and experimental studies involving area suction. Previous flight studies
of area suction have been limited mostly to models and partial-span test
sections (for example, refs. 1 and 2), although an incomplete investiga-
tion of area suction applied to nearly all the rearward portions of the
upper surface of the wings of an airplane was made in England near the
beginning of World War II (ref. 3). In the present investigation, porous-
leading-edge area suction covering the first 8 percent chord on the upper
surface was applied to essentially the entire wing span of the airplane
tested.

The use of area suction involves several practical problems which
are not readily solvable by wind-tunnel studies. One of the general
problems is the clogging of the pores of the more dense materials by atmos-
pheric dust and by rain. Construction of a structurallty efficient wing
with porous surfaces is another practical problem which, though important, .
does not appear to be extremely difficult, particularly in the design of ’
a new wing where the ducting can be made part of the load-carrying
structure.

The National Advisory Committee for Aeronautics has conducted a
flight-test program to investigate various practical problems associated
with the use of porous materials for boundary-layer control. Because the
airplane available for the tests had a rounded-leading-edge type of air-
foil (NACA 2412) characterized by a trailing-edge stall, very little
benefit in maximum 1ift could be expected from the application of leading-
edge suction. This expectation was verified by two-dimensional wind-
tunnel tests made prior to the flight investigation.

SYMBOLS
b span, ft
c local chord, ft
Cy, airplane 1lift coefficient, (n cos o + 1 sin a)

chA
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CQ suction flow coefficient (a constant value of SA corresponding
to 89.2 percent of total wing area was used in computing flow

coefficients), -2

VSy
H, free-stream total pressure, q. + pg, lb/sq ft
Hy duct total pressure, pg + qq, lb/sq £t
Hy duct total pressure at outboard measuring station, lb/sq ft

(assumed H; = py; gy = O)

1 longitudinal acceleration, positive forward, g units
n normal acceleration, positive upward, g units
P static pressure at wing surface, 1b/sq ft
Po free-stream static pressure, Ib/sq ft
Pg duct static pressure at inboard measuring station, lb/sq £t
Py duct static pressure at outboard messuring station, 1b/sq 't
Ap pressure difference across porous material, 1b/sq t
Q total volume flow rate, cu ft/sec
a impact pressure at wing surface, lb/sq ft
de calibrated impact pressure, lb/sq 't
a4 duct impact pressure at inboard measuring station, lb/sq ft
qq duct impact pressure at outboard measuring station, 1b/sq ft
S pressure coefficient, B-p_2a
dc Qc
Sp wing area, sq ft
SA wing area affected by suction (area between spanwise stations at

outer extents of porous area)

S area of porous material measured along surface, sq ft




b NACA TN 3062

v true airspeed, ft/sec
v apparent velocity through porous material, £L, ft/sec
Sp

W airplane weight, 1b

X chordwise distance, ft

¥ spanwise distance, ft

z distance normal to airfoil chord, ft

o calibrated angle of attack referred to thrust axis, deg
APPARATUS
Airplane

Flight tests were conducted on the Cessna 190 airplane (see table I
for dimensional data) shown in the photographs: presented as figures 1(a)
and 1(b) and in the three-view drawing in figure 1(c). The relative size
and location of the lower-surface split-type flap are shown in figure 1(c).
Figure 1(d) shows a comparison of the actual wing profile at a representa-
tive spanwise station with the NACA 2412 profile and also somé details of
the porous-leading-edge construction to be described subsequently. The
actual wing profile differs from the NACA 2412 profile in that it has a
slightly larger leading-edge radius, has less camber in the first 10 per-
cent of the chord, and has a slight amount of negative camber in the
Tirst 2 percent of the chord. These variations resulted from manufec-
turing and modification-shop tolerances.

* Boundary-Layer-Control Equipment

The porous surface consisted of a sandwich containing an outer sur-
face of woven Monel filter cloth, a 16-mesh copper window-screen sepa-
rator, and a backing of 0.016-inch-thick perforated brass sheet. The
filter cloth was woven in Dutch weave with 30 wires by 250 wires per inch
to a thickness of 0.028 inch, rolled to 0.020 inch, and further hammered
t0 0.018 inch to reduce the porosity and improve the surface smoothness.
The filter cloth was obtained from the Michigan Wire Cloth Compeny. The
perforated brass, which was used to stiffen the filter cloth, had T1k
openings of 0.020-inch dismeter per square inch spaced 0.0kl inch apart.
The sandwich was formed to the leading-edge curvature on steel jigs and
the three layers cemented together with a plastic adhesive at the edges

only.
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Wind-tunnel data indicated that most of the advantage of porous-
leading-edge suction on the NACA 2412 airfoil could be obtained with a
value of CQ of 0.002 which corresponds to an inflow velocity of 3.6 fps

at an airspeed of 63 mph. The design porosity was such that a pressure
difference of T72.8 lb/Sq ft would produce a velocity of 3.6 fps through
the porous material. The arithmetic mean of 20 readings of porosity of
only the filter cloth showed a velocity 3 percent above design velocity
at design pressure difference (more porous). The copper screen and
perforated brass dq not appear to add appreciable resistance.

Figure 2(a) shows the general arrangement of equipment end ducting
in the airplane. The leading edge of the wing was porous over 83.4 per-
cent of the span and the first 8 percent of the chord on the upper surface
as shown in figure 1(b). The leading-edge duct was formed by the incorpo-
ration of a false spar, duct bottom, and porous material supports as
shown in figure 2(b). The porous covering was attached at the edges in
sections with machine screws; the edges were faired with modeling clay
and shellacked, as shown in figure 2(c).. A portion of the window over
the pilot's head was replaced by a pan covered with porous material, as
shown in figure 1(b), in order to continue the area suction over the
center section. The underside of the pan and part of the ducting are
shown in figure 2(d). The flow was removed from each wing-leading-edge
duct at the wing root by the duct shown in figure 2(e) which incorporated
turning vanes in the 90° bend; the flow was then further ducted to the
blower as shown in figure 2(f). The small duct shown in figure 2(f) is
the continuation of the duct from the center section shown in figure 2(d).
From the blower exit, the flow was split and was expelled from the exit
holes on the side of the fuselage as shown in figures 1(a) and 2(a). Two
butterfly-type shutters were installed in the exit ducts behind the
blower.

The blower shown in Ffigure 2(f) is the compressor stage of a large
alrcraft-engine turbosupercharger which, though not ideally suited to
this application, was used because it was readily aveilable. The blower
was driven by a small automotive engine rated 25 horsepower at 4,400 rpm
and a right-angle gearbox in such a manner that the blower speed was
three times that of the engine. The engine-blower installation is shown
in figure 2(g). Engine and exit-duct shutter controls were mounted on
the top of the engine cover as can be seen in this figure. The louvers
in the top of the fuselage just behind the wing, shown in figure 1(c),
were installed to remove engine fumes from the cabin.

During the investigation, large deflections of the porous surface
occurred when suction was applied in configurations where large portions
of the porous area were sealed. This condition required additional
stiffeners to reduce the unsupported length of the porous material from
the approximately 30-inch spanwise increments shown in figure 2(b) to
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about 10 inches. These additional supports were made of thin duralumin
placed edgewise to the porous material with the edge sharpened to reduce
interference of the support to the flow. The supports were 1 inch wide
normal to the wing surface and had the lower edge flanged to stiffen the
support and to assist the flow to turn inboard after passing through
the porous material. Photographs of the normal leading edge and leading
edge buckled by suction are shown in figure 3.

Instrumentation

Standard NACA instrumentation was provided to record continuously
airspeed, three components of acceleration, rolling and pitching veloci-
ties, sideslip angle, angle of attack, control positions, control forces,
temperatures, angle of bank or pitch, airplane heading, and pressures.

The airspeed used in this paper is calibrated airspeed as obtained by
measuring pressures from a total-pressure tube and a swivel static-pressure

tube mounted on a boom l% chords ghead of the leading edge of the right wing

(fig. 1) and by correcting those pressures for position error as deter-
mined from a trailing bomb. The angle of attack and angle of sideslip

were obtained by use of free-floating vanes mounted on a boom l% chords

ahead of the leading edge of the left wing (fig. 1(a)). The angles read
from the angle-of-attack vane were corrected for rolling and pitching
velocities and error due to the induced flow field ahead of the airplane.

Static pressures were measured at three spanwise positions along the
rearward wall, at one position on the outboard end wall of one leading-
edge duct, and at one position in the blower exit duct. The orifice on
the outboard end wall is referred to subsequently as the ocutboard meas-
uring station. Flow quantities were measured in each of the three longi-
tudinal ducts by using total pressure and the average of four static
pressures in each of the large ducts and by using static pressure at the
entry and throat of a venturi in the center-section duct. Temperatures
of the flow in one of the large ducts and in the center-section duct were
also recorded. A survey of total pressure was made across each main duct
prior to the flight tests to determine the velocity distribution in these
ducts. A discharge coefficient, estimated at 0.97#, was used in deter-
mining the velocity through the venturi in the center-section duct.

Tuft pictures of the flow over the wing were made with a rearward-
facing 35-millimeter motion-picture camera which was mounted above and
behind the wing on the structure shown in figures 1(b) and 2(c) and which
photographed a spherical mirror that reflected an image of the entire
wing.
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TESTS

Flight tests were made to determine the power requirements, the effect
of varying suction flow, and the effect of varying the extent of porous
area on the 1lift coefficient and angle of attack at the stall in the
course of accumulating flight time on the porous surfaces. Stalls were
made at four different blower speeds in each of the following conditions:
airplane engine with a menifold pressure of 25 inches of mercury, at
2,200 rpm, flaps up and down, and airplane engine idling, flaps up and
down. All flight data presented in this report were obtained after the
additional chordwise stiffeners were installed. In making the flight
tests, the blower was set at a predetermined speed at a flight speed of
approximately 85 to 90 mph and no further changes in blower control
setting were made during the subsequent stall approach. The result was
approximaetely constant-volume flow through the range of airspeed obtained
during each test. The various spanwise and chordwise extents of suction
tested are shown graphically in figure 4. The extent of porous area was
varied by sealing portions of the porous area with cellulose tape. The
ratio of wing area affected by suction to total wing area as determined
by the spanwise extent of porous area and the ratio of porous area to
total wing area are also given. In order to determine the effect of water
on the porous material, one flight was made with leading-edge configura-
tion (a) (fig. 4) in rain of varying intensity.

Tests were made on the ground st various times during the program to
determine the relative porosity and power requirements of the porous sur-
face as affected by time, flight time, and water. These tests were made
by running the blower at various steady rotational speeds. Rain was
simulated in some of these ground tests by spraying the wing with water
and taeking records at full throttle and also by first wetting the wing
and then starting the blower engine at full throttle. All ground tests
were made with leading-edge configuration (a) (full 8 percent).

RESULTS AND DISCUSSION

Practical Problems

Since this investigation was a research project to determine the
practicability of the porous surface, the weight and volume of the compo-
nents other than the porous surface were not given much consideration so
long as they were not excessive. As a result, the weight of the airplane
with boundary-layer control was large. An appreciable reduction in
weights would have been possible had an airplane been designed especially
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for the boundary-layer-control installation and had one of the high-
power-to-weight-ratio blower systems now available been used. Weights
of the primery components are given in table II.

Porosity.- Data affecting the porosity of the porous leading edge
as determined from a number of ground tests are shown in table III. The
results of the tests are shown in figure 5 plotted as apparent velocity
through the porous material against the pressure difference across the
porous material. Comparison of the data of tests 1 and 2 indicates no
loss in porosity after approximately 12 hours of flight time and 89 deys
of being parked in a rather dusty hangar. Dust therefore seems to have
no adverse effects on the practicability of this type of porous surface.
The apparent gain in porosity between tests 1 and 2 may be taken as an
indication of the accuracy of measurement, with the true porosity curve
lying somewhere between the two faired curves. The loss of porosity
shown by the data of test 3 may be attributed to the retention of adhesive
from the cellulose tape, which was used to vary the extent of porous area,
after the tape had been removed. Tests made after the first two attempts
at cleaning (tests I and 5) apparently succeeded only in driving the adhe-
give deeper into the surface with successive losses in porosity. Later
tests (tests 6, 7, and 8) made after additional attempts at cleaning and
additional flight time showed slight increases in porosity, but test 9
made near the end of the flight investigation showed an appreciable
increase in porosity. No cleaning was asttempted between tests 6 and 9.
The explanation appears to be that the solvents contained in the adhesive

Pparticles dried out and permitted the removal of the residue by air and by,

air and water mixtures which passed through the porous material during
flight and ground tests Jjust previous to test 9.

The shape of the curves in figure 5 gives some indication of the
type of flcw through the porous material. The stralght-line curves having
their origins at zero for tests 1, 2, 3, and 9 indicate that the flow
through the screen for these tests was mostly viscous. Although straight
lines could reasonably be faired through the data for the other tests,
extrapolation of the lines did not pass through zero velocity at zero
pressure. One set of data for which points in the low velocity and pres-
sure range were available (test 8) shows apprecisble curvature in this
range, an indication of a transition from mostly viscous to mostly turbu-
lent flow. A seemingly reasonable explanation for this change is that,
as the effective porous area was reduced by partial blocking of some of
the passages in the porous material, the critical Reynolds numbexr of the
flow through the porous material was reached and transition to turbulent

flow occurred.

Effects of rain.- The effects of rain, real and simlated, on the
porous material are shown in figures 6 and 7. TFigure 6 shows a comparison
of ground and flight tests where the data for the dry ground test are
taken from test 8 (see fig. 5). An explanation for the large difference

v
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in pressure differential between the dry and wet conditions for the ground
and flight tests may be that the simlated rain for the ground tests was
much heavier than the actual rain encountered in flight. The inter-

cept of the dashed lines for the flight data with the pressure scale
represents a reasonable value of the average pressure on the external
surface of the leading edge in flight as determined by the method explained
in the appendix. The pressures for the ground tests represent the pres-
sure difference across the leading edge only, whereas the flight pressures
include the pressure drop above the wing (estimated 63 1b/sq ft). Fig-
ure 6 shows the increment in pressure produced by simulated heavy rain

in ground tests to be approximately equal to the pressure drop above the
wing in flight. Thus, for flight in heavy rain the pressure whicb the
blower would have to overcome would be approximately twice that for
flight in the dry condition. This increment was of the order of 50 per-
cent for the light rain encountered in flight.

Figure 7 shows a comparison of two ground tests in which the blower
engine was started at full throttle. The numbers along the curve repre-
sent time 1n seconds from starting. No water was added to the leading
edge for the wet condition after starting. It appears that, under these
conditions, the porous material would have completely cleared itself of
water within 3 to 4 minutes. '

From these results, rain appears to be a very important factor with
regard to the practicability of porous-leading-edge suction. A suction
system having a blower which opersted at design pressure ratio in dry
air, as would probably be the case for other than experimental systems,
would be grestly hindered in rain, since the blower would not be capable
of producing the additional pressure drop necessary to overcome the sur-
face tension of the water in the porous surface. The blower used in this
investigation was being operated at pressure ratios of the order of one-
fourth its rated pressure ratio; thus, the additional pressure drop was
well within its capability inasmuch as the blower efficiency apparently
increased greatly with increasing pressure ratio. During the ground
simulated rain tests, an appreciable amount of water could be seen coming
out of the fuselage exit ducte. This condition would appear to obviate
the practicebility of using any water-absorbing meterial such as felt for
any part of the porous surface since the water would probebly greatly
increase the density of the porous surface. Apparently, additional work
should be done on the effect of rain on porous-area suction.

Power requirements.- The power requirements were calculated as the
product of volume flow rate and difference in total pressure measured at
any two stations between which the increment of power was desired. The
estimaeted distribution of power for the gliding condition (aircraft
engine idling, flaps up) with leading-edge configuration (a) at maximm
blower speed at the stall is shown in figure 8.
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Since no wing-surface orifices were provided, the division of the
theoretical aerodynamic suction power (called useful power herein for
simplicity) into power required to overcome porous-material drag and
power required to reduce duct pressure to average surface pressure was
calculated. The estimation of the leading-edge surface pressure from
which the pressure drop equivalent to these two power requirements was
determined is given in the appendix. The maximum theoretical aerodynamic
power, if duct losses are excluded, varied with the configurations tested
from 3.65 to 9.70 horsepower. The pressure drop proportional to the duct
power loss shown in figure 8 was partially measured and partially calcu-
lated. Duct loss was measured between the outboard-duct static orifice
and the velocity-measuring station in the wing root. Duct losses from
this station to the blower and from the blower to the fuselage exits were
calculated with the aid of reference 4. The calculated duct loss amounted
to about 40 percent of the total duct loss.

The power to drive accessories was estimated to be 1 horsepower and
the gearbox efficiency was assumed as 98 percent, whic¢h is very reasonable
for the spiral bevel gears used. The engine power was taken from a power
curve which was supplied by the engine manufacturer with the engine and
which was checked and found to be reliable. The blower loss was taken as
the difference between the engine power output (at a particular rotational
speed) and the total of other power requirements given previously. The
meximum obtainable engine rotational speed was apprecisbly limited by
improper matching of engine torque output and torque input required by
the blower, so that at no time was full-rated power output of the engine
obtained.

Table IV shows the variation with blower speed and leading-edge
configuration of the ratio of useful power to engine output power, the
ratio of porous-material power to useful power, the approximate ratio of
duct power loss to engine output, and the approximate blower efficiency.
Values of engine output power and flow coefficient for each case are also
given.

Aerodynamic Data

Effect of suction on maximum 1ift.- A summary of the main aerodynamic
data obtained during this investigation is shown in figure 9 as the varia-
tion of 1ift coefficient with flow coefficient for various extents of the
porous leading edge and various airplane configurations. The first point
to be noted is thet there is an initial drop in 1ift coefficient from the
completely sealed configuration to the zero-suction case (duct dampers
closed) with all leading-edge configurations except configuration (e)
(center section only) and configuration (f) (last 1 percent) in fig-
ures 9(d) and 9(e), respectively. The apparent reason for this behavior
is that a circulatory flow is set up through the porous surface as a
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result of the large pressure gradient above the porous area. 'This circu-
latory flow evidently has the effect of promoting separation at a lower
angle of attack than that at which it would occur if this flow did not
exist. Figure 10 shows the theoretical pressure distribution over the
upper surface of the leading edge of the NACA 2412 airfoil at a 1ift
coefficient of 1.6. The difference in pressures over the first 1 percent
may be seen to be much less than the difference in pressures over the
full 8 percent so that there would be less opportunity for local outflow
to occur over the first 1 percent. As the chordwise extent of porous
area was varied from 8 percent (configuration (a)) in figure 9(a), to

2 percent (configuration (b)) in figure 9(b), and finally to 1 percent
(configuration (c)) in figure 9(c), the initial drop in 1lift coefficient
became progressively less. Figure 10 shows that the maximum difference
in pressure coefficients over the chordwise extents of porous area varied
in the same manner, the differences being of the order of 4.25 for 8 per-
cent, 1.95 for 2 percent, and 0.80 for 1 percent.

A porous material having less over-all porosity would reduce the
local circulation and hence the initial drop 1n 1lift coefficient with the
blower off, but with the blower operating, larger power requirements would
be needed. '

After noting the initiel drops in 1ift coefficient obtained on
previous configurations, configuration (f) (last 1 percent) was tried in
an effort to reduce the initial drop while maintaining some of the addi-
tional 1lift due to suction. Figure 10 shows that the maximum change in
pressure coefficient for this configuration would be of the order of
0.18 as compared with 0.80 for configuration (c) (first 1 percemt). Fig-
ure 9(e) shows that the initial drop in 1ift coefficient was less for
configuration (f), as was expected, but that no subsequent gain in 1ift
coefficient with suction was obtained.

Another point worth noting is that a larger initial drop in 1ift
coefficient occurred with airplene engine power on than with airplane
engine power off and, generally, a higher value of flow coefficient was
required to regain this initial 1ift loss with airplane engine power on.

A comparison of the various data presented in figure 9 indicates
that none of the leading-edge configurations tested was clearly superior
with regard to increasing the maximum 1ift coefficient. Although the
increment in 1lift coefficient for a given increment in flow coefficient
was greater for some configurations, the initial drop in 1ift coefficient
was generally larger for those same configurations so that the maximum
1ift coefficient with the maximum suction available remained much the
same for most of the configurations tested. Had these same extents of
porous area been tested on a sharp-nosed airfoil where leading-edge sepa-
ration is more likely to occur than with the relatively blunt leading edge
of the NACA 2412 airfoil (see fig. 1(d)), the results would undoubtedly
have been much more favorable.
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It will be noted that there are three parts of figure 9 labeled
"full 8 percent." The data of figure 9(a) were obtained just after the
installation of the additional leading-edge stiffenerg and those of fig-
ure 9(g) were obtained during a flight in rain made 184 days total time,
18 hours 9 minutes flight time, after that for figure 9(a). The data
of figure 9(h) were obtained 2 days after the rain flight for comparison
with the rain flight. Because the intensity of the rain varied from a
drizzle to rather heavy rain during the rain flight, not very much can
be gained from such a comparison. One point which appears worthy of
comparison, however, is in connection with the initial drop in 1ift coef-
ficient. This initial drop is less for the rain data (fig. 9(g)) than
for the dry-air data (fig. 9(h) or 9(a)). This difference is to be
expected inasmuich as the rain tends to increase the over-all density of
the porous material and thus reduces the local circulation through it.

Figures 9(a) and 9(h) provide a better comparison since the condi-
tions were more similar. A total time of 186 days, a flight time of
19 hours 46 minutes, occurred between the flights from which these data
were obtained. The only major difference between these data is the
greater initial drop in 1ift coefficient for the data of figure 9(n).
This difference is probably a comsequence of the higher porosity which
existed for the last tests made (see tests 8 and 9, fig. 5).

Early tuft pictures showed that the stall originated at the trailing
edge of the center section with power off and just inboard of the aillerons
with power on. Configuration (e) (center section only) and configura-
tion (g) (outboard sealed) were tested in an attempt to influence the
origin of the stall but, as is discussed subsequently, the tests were
unsuccessful. In obtaining date with configuration (d) (fig. 9(d)), =
severe vibration of the leading edge on the outer panels occurred which,
for the maximum blower condition, could be seen with the aid of a mirror
and could be heard over the noise of the airplane engine and the boundary-
layer-control engine and blower. The resulting pressure records were such
that no values of flow coefficient could be obtained for the maximim-blower
condition and, therefore, estimated values of flow coefficients were used
for this condition. The vibration of the leading edge was so violent
that the pilot and engineer-observer deemed it advisable to terminate the
meximum-blower tests before completion. The pressure records indicate
that the vibration continued down through the blower speed range but
with much reduced violence so that it could no longer be seen or heard
and the pressure records became readable. Apparently, the sealed outer
ducts acted as closed organ pipes and reinforced the pressure pulses
originating at the blower. The vibration of the leading edge may have
been at least partly responsible for the loss of 1ift with increased
suction shown in figure 9(d).

The data for configuration (g) (outboard sealed) shown in figure 9(f)
are very similar to data for the original full-8-percent configuration
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of figure 9(a) except that the initial drop in 1ift coefficient is
slightly less and the 1ift coefficients at maximum blower speed are
slightly greater. )

Comparison of flight and wind-tunnel results.- A comparison of some
results from the flight-test Investigation with those from unpublished
two-dimensional wind-tunnel data obtained before beginning the flight
investigation is shown in figure 11. The wind-tunnel model was a 36-inch-
chord model of the NACA 2412 airfoil section with a porous nose consisting
of filter cloth, similar to that used on the airplane, backed with sin-
tered bronze for stiffness. Wind-tunnel data were obtained at a speed of
8.5 mph. For the particular results shown, the nose of the wind-tunnel
model was sealed from the leading edge to the 0.4-percent-chord station
and was open for the next 7.3 percent. This wind-tunnel configuration
was the one nearest the 8-percent-open configuration used on the air-
plane. The flight data used were obtained with airplane engine power off
and flaps up. A comparison of leading-edge porosities applicable to the
flight and wind-tunnel results is shown in figure 11(a). The curve for
the wind-tunnel results represents only a small portion of the velocity
and differential pressure range tested. The two sets of data are con-
sidered to be in good enough sgreement for a reasonable comparison of
aerodynamic results. Figure 11(b) shows the variation of meximum 1ift
coefficient with flow coefficient to be of the same order of magnitude
for the two sets of data. The intercept of the wind-tunnel curve with
zero suction was not available but the trend indicated by the dashed line
was estimated from other results from the same investigation. The wind-
tunnel data show a net gain in 1ift coefficient (from the sealed case)
of only 0.25 at the optimum value of Cq = 0.002. An interesting observa-

tion is that almost the same increment in 1ift coefficient was obtained
in flight with the maximum available flow coefficient, although the trend
indicates that a larger increment in 1ift coefficient would have been
obtained had higher flow coefficients been available.

Tuft pictures.- Figure 12 shows a typical frame from tuft photo-
graphs. This frame was taken during the flight with the leading-edge
configuration (b) (first 2 percent) in a semistalled condition, with
power off, and with flaps down at the maximum-suction condition. As
mentioned previously, the tuft pictures were taken by a camera mounted
above and behind the wing, facing rearward and upward, and shooting into
a spherical mirror. Although the use of the spherical mirror resulted in
apprecigble distortion, it was used because it permitted an image of the
entire wing to be obtained with a single camera. The chordwise strips
on the wing were 27.25 inches apart (approximately 12.5 percent of the
semispan).

Stall patterns were similar for a given power configuration regard-
less of leading-edge configuration, amount of suction, or flap position.
In general, the stall originated at the right side of the center-section
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trailing edge with power off and at the trailing edge just inboard of the
ailerons with power on. The stalled areas spread forward and spanwise in
a triangular fashion. Such differences in stall pattern as were observed
could not be definitely correlated with flap position, leading-edge config-
uration, or amount of suction.

CONCLUDING REMARKS

Results of this investigation have indicated that a praetical wing
having porous-leading-edge suction can be constructed which has sufficient
strength and durability for use in flight without adding excessive weight.
For the type of porous material used in this investigation, clogging due
to atmospheric dust did not appear to be a problem. For the light rain
encountered in flight, the power required to produce a given flow coef-
ficient was about 50 percent more than that required for the dry condition.
Based on the ground dsta, it was estimated that for flight in heavy rain
the power would be approximately twice that for the dry condition. At
meximum blower speed, however, the porous area became cleared within 3 to
4 minutes after water ceased to impinge on the surface. Under certain
conditions, tests showed a severe vibration of the porous material induced
by an "organ pipe" resonance of the air column within the ducts. As
expected from previous wind-tunnel results, the use of leading-edge suction
with the small amount of power available and with the well-rounded sirfoil
section used (NACA 2412) had little effect on the maximum 1ift coefficient
developed. In general, an appreciable drop in maximum 1ift coefficient
occurred from the leading-edge-sealed configuration to the condition of
zero suction with the porous-area configurations tested. Increments in
1ift coefficient due to the suction available generally brought the maxi-
mum 1ift coefficient back approximately to the value for the wing with the
leading edge sealed. The maximum theoretical aerodynamic power, if duct
losses are excluded, varied with the configurations tested from 3.65 to
9.70 horsepower.

Langley Aeronautical Iaboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., October 26, 1953.
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APPENDIX
ESTIMATION OF IEADING-EDGE SURFACE PRESSURE

Since no wing surface orifices were provided, the division of the
theoretical aerodynamic suction power required (called useful power
herein for simplicity) into power required to overcome porous-material
drag and power required to reduce duct pressure to average surface pres-
sure was calculated in the following manner: The pressure in the duct p3

for blower idling and with exit-duct shutter valves closed is assumed to be
equal to the average pressure over the porous area p at the same value
of 1lift coefficient with the blower at maximum speed. In order to
determine the average pressure over the porous area at some higher value
of Lift coefficient with blower operating, this pressure is expressed in
terms of pressure coefficient S by means of the equation S = (Hy - p)/ac
where H, and qc are free-stream total and calibrated impact pressures,
respectively. The pressure coefficient is corrected to the proper value
of 1ift coefficient by the method described below and the new gurface
pressure may then be calculated.

The process of correcting for 1ift coefficient consisted of calcu-
lating theoretical pressure coefficients for the wing upper surface at
various values of 1lift coefficient obtained from data in reference 5,
integrating and determining the average pressure coefficient over the
first 8 percent, and plotting these average pressure coefficients against
1ift coefficient. The pressure coefficient determined from flight data
without suction is located on this plot at its corresponding 1ift coef-
ficient and a curve parallel to the calculated theoretical curve is passed
through the test point. The pressure coefficient at the 1ift coefficient
for maximum blower speed can then be picked from this new curve. With the
surface pressure p thus determined, the pressure difference across the
porous material is

Ap =P - Pq
and the initial pressure to be overcome by the blower is

Hy - p = Sq¢

These equations are based on the assumption that the dynamic pressure
does not assist the flow to pass through the porous material.
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TABIE I.- DIMENSIONAL

gppproximate take-off weight, 1b .
Horsepower (at 2,200 rpm) . . . .
Propeller diameter, £t . . . . . .
Over-gall length, ft . . . . . . . .

Wing:
Area (including fuselage), sq Tt
Span, £t . . . . . .« e e e .
Dihedral, deg . . . . . ¢« « + . .
Aspect ratio e e e e e e e e e
Taper ratio . . . e e e e .
Mean aerodynamic chord ft ...
Incidence, deg . . . « « « « .« .
Washout, deg . . . . . . . . . .
Airfoil section . . . . . . . . .
Flap area, sq £t . . . . . . . .
Aileron area, sq ft . . . . . . .
Flap deflection, down, deg . . .
Aileron deflection, deg . . . . .

Horizontal tail:
Aspect ratio . . . . . . . . ..
Total area, sq ft . . . . . . . .
Stebilizer area, sq £t . . . . .
Elevator area (less tab), sq £t .
Elevator tab area, sq £t . . .
Airfoil section . . . . . .
Tail length (center of gravity to
Elevator deflection, deg:
UP ¢ ¢ v ¢ o o o o o o o o o
Dowvn . . . e« e s e e . .
Elevator tab deflection, deg
UP & v ¢ o o o o o o @ o .
Down . . . s e s e e e e e .
Incidence, deg e e s e e e e e e

Vertlcal tail:
Aspect ratio . . . . . . . . . .
Total area, sq ft . . . . . . . .
Fin area, sq ft . . . . . . « . .
Rudder area, sq ft . . . . . .
Airfoil section . . . . . . . .
Rudder deflection, deg . . . .
Tail length (center of gravity to
Fin offset, deg . . . . . . . . .

®Design gross weight of original airplane, 1b . . . . . .

17

DATA FOR TEST* ATRPLANE

. e e . . 3,830
2 7o)

N A P
. . . . 27.10

e et e e e e e e e e e . . .218.13
. . . 36.17
O o T
N W0 ]
e o Y <721
e e e e e e e e e e e ... .63

T o)
e e e e e e e s s s e e e e 1.5
. . .« e e . . . NACA 2h12

P < Y Y
et e e e e e e e e e ... 12.32
T )
25

G DO [
. s 35.20

19.79
e e e e e e e e e e e e e .. 1k.66
B W
e e s s s« e+ s+ . . NACA 0006
elevator hinge, approx.), £t . 18.0

e e e s s e s e e s e e e s s« 315
I & 8

B 4
T X

e

. 0.88
e e e e e e e . 16.55
e e e e e e e e e e e e ... .8.78
T A 4 4
e e e e e e e e e e NACA 0006

v~ §
rudder hinge, approx.), ft . 18.3

N O

3,350
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TABLE IT

COMPONENT WEIGHTS

[a11 weights in pounds]

Porous surfaces:
TOtAL « & & o v & o o o o o o o o o o o o o e o 4 e e e e e .. 345
Center seCtion . . v v v v 4 4 v o 4 4 4 e e e e e e e e e ..l
Eachwing . . . . . ¢« +« ¢ & . & .. e e e s e o s s s e s . . 15.0

Complete wing with boundary-layer control
(including porous surfaces):
Without fuel . . . . . ¢ . ¢ v ¢ ¢ & ¢ 4 o o « o o o+ « . « . ho3.25

Bith 61 gallons fUEL . + v v & v o« « o o o o« o v o« + o o« « . T69.25

Complete wing, original airplane:
Without TUEL . . . & ¢ v & ¢ v ¢ o o o o o o o o s o o o« « « « 295.5
With 76 gallons Fuel . « v v &« « v ¢ v v o o o« o o o o o « « . 515

Boundary-layer-control equipment in fuselage e e e e e e . . . . 1458.8
Engine . ¢ ¢« & ¢ o o ¢ o o o e e e s e s s e s s e s+« . 153.0
BIOWET v v o v o o o o o o o o o o o o o o o o o o o« v e« .. 8.8
GEAT DOX v v o v o o o o o o o o o o o o o o o o 4 o e e v o ko3
MOUDE & &« & & v 4 v 4 e e e e e e e e e e e e e e e e e e e .. 7.3
Ducting . . . . . e e e s s e e s e s s s+ s e e« « « 30.0
Accessories (cooling &nd lubrication, etC.) v v v v v v o . . . 107.h4

Instrumentation . &« & &« & v 4 v v v 4 e e e e e e e e e e e .. 555

INSETUMENESE o & o o 4 o o o o o o o o o o o o o o o o « o o . . 163.2
Batteries and inverter . . . . . e 1531
Wing booms (including pickup heads) O i O

Camera, mirror, and mounting structure . e e e e e e e . . . 29.3
Mounting boards, cables, relays, tubing, etc e e e e s e e . . 99.1

8The ducting necessitated use of smaller wing fuel tanks.
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TABLE ITI
POROSITY TESTS

[}11 porosity tests were run on the ground with the leading-edge configuration listed
in figure 4 as configuration (a) (full 8 percent open)]

Flight tine s19¢€ lmotal tine since
Test P es previous test, Remarks
Hours Minutes days

1 0 0 Made at beginning of program

2 11 53 89 A1l flights, full 8 percent open

3 13 ) 113 Division of flight time as follows:
7 hr 43 min, full 8 percent open
1 hr 02 min, completely sealed
2 hr 51 min, first 1 percent oper
2 hr 05 min, first 2 percent open

4 o] 0 Removed all tape and cleaned by
rubbing surface with lacquer
thinner on cloth

5 0 0 Sprayed surface with Prep-sol

6 0 1 Sprayed surface with benzene

T 0 28 Additional stiffeners installed;
sprayed carbon tetrachloride
through both sides of porous
material while removed from
wing

8 17 43 32 Division of flight time as follows:
L hr 01 min, full 8 percent open
2 hr 41 min, first 2 percent open
3 hr 39 min, first 1 percent open
O hr 51 min, leading edge sealed
1 hr 42 min, center section only open
2 hr 21 min, last 1 percent open
2 hr 33 min, ocutboard sealed

Limited attempts at cleaning made

between f£lights

9 T 00 168 Approx. 1% hr in rain of varying
intensity; full 8 percent open

50 17 431




TABLE IV

POWER REQUIREMENTS

Ratlo of dust

Blower

Ratio of useful|Retic of porous=- Englne Flow
Leading-edge Blower powar to material power power loss to lefficiency, output, | coefficient
configuration englne ocutput | to useful power englne output | percent hp at 8tall
(a) ( approx. ) (approx. )
Maximm 0.255 0.332 0.0517 33.5 15.8 0.00131
Full 8 percent 2/3 - 217 .282 0304 27.0 12.5 00098
open 1/3 .168 .185 .0038 i8.9 9.1 00056
Minimum .054 084 ) 6.0 9.0 .00020
First 1 percent | Maximum 436 430 0302 50.7 17.7 00110
opsn
First 2 percent | Maximm T .358 LOLTT 53.9 16.8 , 00090
open
Last 1 percent Maximim i Tyl g2 .0125 53,0 20.7 L00076
open A . )
Outboard sealed | Maximmm 272 .360 L0299 32.8 14,9 .0011%4
Full 8 percent Mesd mm .323 .228 0326 38.9 4,7 .Qo0110
in rain
bFull 8 percent Maxd mim .259 .310 0460 33.3 14,1 ,00113

Qpen

&Blower variation ts described according to an approximate variation of rotational speed.

PThese date were obtained at end of flight program after £light in rain and are presented for
comparison with other date obtained early in flight program for same configuration.
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(e) One-quarter front view.

Figure 1.~ Cesena 190 airplane used for flight tests.
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(b) View from above,

Figure 1.- Continued.
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(c) Three-view drawing.

Figure 1.~ Continued.

25




l—Sk!n kp Joint 0.020 in. thick

2

_ Forword edge of upper ddn7 — 08
—106
~ ,
4+ 04
NACA 2412 Profle—""~ o
¢ Rivgts I maln enar Actuat prafil \ —
(all fush rivets ahead of maln span) \ . o2
ANTRR
30 25 20 16 10 oT8 05 o8 oes
i ; i ) i ; - = o
wk Clay
Foward edge of lowar skin > / -+
¢ Flush Mthfaheq}cr—l\ — 02
—_ { /M L .04
LSkln lap loint 0,020 In, thick |
L .06

() Comperison of ectual wing profile with NACA 2412 profile.

Figure 1.~ Concluded.
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Blower exit

Leading-
edge
ducts

Center duct

1)

Blower

Engine exhaust
Gear box

EBngin
Engine coolant radiator

O

(2) Sketch of equipment installation.

Figure 2.- Equipment installation.

25




(b) Leading-edge-duct structure.

Flgure 2.- Conbtinued.

L-67926
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(e¢) Close
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of porous leading edge.

e 2.= Continued.
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Figure 2.- Continued.
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(d) Center-duct installation in cabin roof.
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(£) Duct junction and blower.

Pigure 2.- Continued.
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L-70270,1
(g) Engine-blower installation.

Figure 2.- Concluded.
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L-72838

(p) Collapsed.

Figure 3.- Effect of suction on unstiffened leading edge with only first
2 percent of leading edge open.
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Configuration

(a) Pull 8
percent

(v) Pirst 2
percent
open

(c) First 1
percent
open

(d4) Sealed

(e) Center
section

only open

(f) Last L
percent

(g) Outboard
sealed

xfec

0.08

.01

.08

.OL

2y/o

0.834

115

.548

SVEN

0.892

.892

k5

627

Figure 4.- Porous-leading-edge configurations tested.
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Pressure difference across porous material, Ap, 1b/sq ft

Figure 5.- Variation of apparent velocity through porous material with
pressure difference across porous material from ground tests. Leading-
edge configuration (a).
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Figure 6.- Effect of rain on porosity of porous leading edge. Leading-

edge configuration (a).
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Apparent velocity through porous material, v , ft/sec

1. |
t, sec
o852 9 615 5
1.2 64— =
5 12
: 8
1
1.0 2
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ot Initially dry ,
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Estimated trend during
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/
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‘ pd
7
7
| E
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#O.S //,/
-~
=
|~
0_-
0
0 20 Lo 60 80 100

Pressure difference across porous material, Ap , 1b/sq ft

Figure T.- Variation of apparent velocity through porous material with
Pressure difference across porous material and time in seconds.

Leading-edge configuration (a).



1, Porsus material drag 1.3L hp
2, Power to reduce duct pressure 2.%0 hp
. « Duct losses - 832 hp
ﬁ. Blower losses 9.66 hp
S+ Gearbox losses 1.%% EP
6+« Power for acceasorles’ . p
T+ Total engine output . hp

B O e P S =T T i | T e AR . o

Y. W S '] FARY
MEXIOUN S.LOWEDr &¢ Tn€ suvall. Leadlng-edge configuration (a).

Figure 8.- Estimeted distribution of imput power for the gliding -condi’tion
1
L
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Leading Leadi edge
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Figure 9.~ Variation of lift coefficient at the stall with flow coefficient.
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Figure 9.- Concluded.
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Pressure coefficient , 8

0 .02 .0l .06 .08 «10

Chordwise station, x/c

Figure 10.- Theoretical chordwise pressure distribution over the upper
surface of the NACA 2412 airfoil at a 1ift coefficient of 1.6.
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A~——Wind tunnel

Velocity through porous material, v , ft/sec.

.8
&
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// (a) Porosity data
0 -
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1.8 . I .
Power off, flaps up,
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Figure 11.- Comparison of results of flight and wind-tunnel investigations,
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Flgure 12.~ Typlecal frame from tuft photographs.
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